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SHUTTLEORBITERFOREBODYMODEL(83-_) IN THE
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AERODYNAMICHEATINGDISTRIBUTIONONLOWER

FUSELAGEANDRCSNOZZLEAREAS(_HIO3A)

by

P. L. Lemoine
J. R. Nakamoto

Rockwell Interntional
Space Transportation & Systems Group

ABSTRACT

Entry (hypersonic) heat transfer tests of a 0.04-scale SSVOrbiter forebody

model were conducted in the 50-inch diameter wind tunnel (test section B)

at the Arnold Engineering Deveio_ment Center's yon KarmanGasDynamics

Facility on February 20, 1978. !Thesetests obtained thin-skln heat

transfer data around the reinforced-carbon-carbon/reusable,surface-insulation

interface area of the lower fuselage and in the RCSnozzles.

Data were obtained under simulated re-entry conditions at a Machnumber

of 8 and Reynolds numbersof 0.5, 0.875 and 1.6 x 106/ft. Angle of attack

varied from 25° to 42.5° at 0° sideslip. Tabulated results are presented

in the Appendix.
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NOMENCLATURE

SYMBOL

B

b

c
P

dTw/dt

g

href

MNEMONIC

ALPHA

BETA

DTW/DT

HREF

DESCRIPTION

model angle-of-attack, degrees

model angle of sideslip, degrees

model skin thickness, in. or ft.

specific heat of either gauge or model skin,

Btu

wall temperature change with time, °R/sec

incidence angle of local model surface, deg.

reference heat-transfer cowfficient based on

Fay-Riddell theory, Btu/ftZ-sec.-°R

[ 8.17173(PT2)0"5(MU )0"4(12(p/PT2))0"251
I (RN)0.5(To)O.I 5 x

(RN)O'5(TO)0"15 1

where PT2 - stagnation pressure downstream of a

normal shock, psia

0.2235 * 0.0000135(T0 +560)

P = freestream static pressure, psia

MU = air viscosity based on TO, ibf-sec/ft 2

RN = reference nose radius = 0.06 ft

TO - tunnel total temperature, °R

h
o

H(TO) heat-transfer coefficient computed from the

measured heat-transfer rate using the tunnel

stilling chamber temperature as the reference

temperature

(QDOT/(TO-TW)), Btu/ft2-sec-°R



SYMBOL MNEMONIC

.9h H(9TC)

hTA W H(TAW)

h/hre f H/HREF

.9h/hre f H/HREF

5TAW/href H/HREF

k

L

4 QDOT

q_ Q

Re£ RN/FT

Tw TW

NOMENCLATUKE (Continued)

DESCRIPTION

heat-transfer coefficient computed from the

measured heat-transfer rate using 0.gTO as the

reference

(QDOT/(0.gTO-TW)), gtu/ft2-sec-°R

heat-transfer coefficient computed fromthe

measured heat-transfer rate using adlabatic-wall

temperature (TAw) as the reference

(QDOT/(TAW-TW)), BTU/ft2-sec-°R

H(TO) divided by HREF, dimensionless

H(.gTO) divided by HREF, dimensionless

H(TAW) divided by HREF, dimensionless

gauge thermal conductivity, Btu/ft-see-°R

model length, 25.8 in.

Reference length, 51.6 in.

_eat treansfer rate, KTU/ft2-se¢

freestream dynamic pressure, psi

unit Reynolds number, million per foot

model wall temperature, oR

Y/(BI2) 2Y/B

X X
O

Y Y
o

Z Z
o

I_ NACH

_ NU

P® P

P PO
o

Pt2 PT2

PHl

distance from vehicle cen_er!ine divided by the

wing semi-span

axial coordinate, in.

lateral coordinate, in.

vertical coordinate, in.

freestream Mach number

freestream viscosity, lh-sec/ft 2

freestream static pressure, psia

tunnel stilling chamber pressure, psla

total pressure behind a normal shock, psia

Radial angle of T/C on model, deg.
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INTRODUCTION

Entry aero-heating test OHI03Aobtained thin-skin heat transfer data around

the reinforced carbon-carbon/reusable-surface-insulation (RCC-RSI)inter-

face area of the lower fuselage and for the forward RCSnozzles of the

SpaceShuttle Orbiter.

The test article was a 0.04-scale thin-skin thermocouple model of the

forward 50 percent of the Rockwell International Orbiter Vehicle, designated

the 83-_ model.

The model was tested in the 50-inch diameter Hypersonic Wind Tunnel (B)

at the Arnold Engineering Development Center's yon KarmanGasDynamics

Facility, on February 20, 1978; completing a total of 8 hours in the

facility.

Data were obtained under simulated re-entry flight conditions; nominal

Machof 8.0 through an angle-of-attack range from 25 to 42.5 degrees at

Reynolds numberof 0.5 x 106, 0.875 x 106 and 1 6 x 106 per foot

This report presents information on the conduct of the test, details of

the model, test facility and instrumentation , along with the tabulated

data results.



REMARKS

The test plan (reference i) called for 54 test points to describe the

data matrix of 6 angles of attack (_ = 25 °, 30 °, 35°, 37.5 ° , 40 ° , 42.5 ° )

at three Reynolds numbers (Re = 0.5, 0.875, 1.65 x 106/ft.) for three

sets of thermoc0uple groupings(switch positions). As tested, the matrix

contained 72 test points; 18 of which were reruns. Of these reruns, four

obtained data repeatability values. The other 14 were executed to verify

or rectify anomalies which occurred that would affect data quality.

The first anomaly was observed at run 28 when it was determined that

thermocouple group 3 (switch position 3) was not being cooled to an iso-

thermal state prior to the model being injected into the tunnel. As a

result, the RCS nozzle heating data quality was suspect. Most of these

data were rerun_ as can be seen in Table II. Those that were not (runs

13, 16, 19) should be analyzed with caution.

The second test anomaly occurred at an angle of attack of 42.5 ° for

Reynolds number conditions of 0.5 and .875 x 106/ft. The Schlieren

system revealed the tunnel flow to be marginally established with local

unstarting_curringon the aft lower surface of the model. These points

were re-run with the model center of rotation and the tunnel diffuser

parameters changed and showed fully developed flow over the entire model.

Runs 35, 36, 37, 62, 63 and 64, as pointed out in Table II are the

questionable runs and should be used with the above comments in mind.



CONFIGURATIONINVESTIGATED

The test article, designated the 83-_ model, is a 0.04-scale thin-skin

thermocouple model of the forward 50 percent of the Rockwell International

Space Shuttle Orbiter (Rockwell linesVL70-000140C). The model was con-

structed of 17-4PHstainless steel with a nominal 0.025-in. skin thickness

at the instrumented areas. A model sketch showing overall length and

coordinate definitions is presented in Fig. i, an installation sketch is

shown in Fig. 2, and a photograph of the model injected in the Tunnel B

test section is given in Fig. 3. Model dimensional data specifications

are presented in Table III.



INSTRUMENTATIONANDPRECISION

Tunnel B stilling chamberpressure was measuredwith a i00- or i000- psid

transducer referenced to a near vacuum. Based on periodic comparisons

with secondary standards, the uncertainty (a Bandwidth which includes

95-percent of residuals) of the transducers was estimated to be within

±0.I percent of readlng or ZO.06psi whicheverwas greater for the 100-psid

range and ±0.I percent of reading or ±0.5 psiwhichever was greater for the

lO00-psid range. Stilling chambertemperature measurementswere

madewith Chrome_-Alumel_Thermocouples which had an uncertainty of

±(l.5°F + 0.375 percent of reading) based on repeat calibrations.

The 83-_ model instrumentation consisted of 482 Chrome_constantan thermo-

couples (TC), of which 255 thermocouple locations were monitored for the

subject tests. During model installation, the thermocouple instrumentation

was checked for continuity and response. Thirteen of the 255 thermocouples

were found to be non-operative. Twoadditional thermoca_ple channels

dropped o_t during the tests. The bad instrumentation channels are shown

in Table V and the data from these instruments were deleted from the tabulations.

The TC wire was #30 AWG (0.010-in.) with Kapton_-_nsu_ation-_ . At the

measurement point, the TC wires were spot welded to the inner surface of

the model skin. The estimated wire measurement precision was ±0.5 percent

of the reading.

TC instrumentation locations are illustrated in Fig. 4. Their dimensional

locations and the model skin thickness at each position is listed in

Table IV.



INSTRUMENTATIONANDPRECISION(Continued)

The thermocouple output was digitized via a Beckman210 converter system.

The Beckmansystem was set up to sample 98 TC's every 0.067 sec; the analog-

to-digital conversion introduced approximately ±0.5 deg uncertainty into

the TC measurements. Three different hookups were required to sample

all the 255 TC's; summariesof the TC hookups for the three different

switch positions are presented in Table V.

An evaluation of the influence of randommeasurementerrors provides a

partial measureof the uncertainty of the final test results presented in

this report. Although evaluation of the systematic measurementerror (bias)

is not included, it should be noted that the instrumentation precision values

quoted earlier and used in this evaluation, represent a total uncertainty

combination of both systematic and two-sigma randomerror contributions.

Uncertainties in the basic tunnel parameters P and T and the two-sigma
"O O

deviation in Mach number determined from test section flow calibrations

were used to estimate uncertainties in the other freestream properties,

using the Taylor series method of error propagation.

Uncertainty (±) percent

M_ M= Po To P_ q= Re_

7.88 0.5

7.93 O.4

7.97 0.3

0.i 0.4 3.3 2.2 1.5

2.4 1.7 1.2

1.6 i.i 1.0



INSTRUMENTATIONANDPRECISION(Concluded)

Estimated uncertainties for the individual terms in Eq. (2) of the data

reduction were used in the Taylor series method of error propagation to

obtain uncertainty values of heat-transfer coefficient as represented

typically by the ranges listed below:

h
o Uncertainty (±)_ percent

10-4 i0

10-3 7

10 -2 5

I0



TESTFACILITYDESCRIPTION

Arnold Engineering Development Center's yon KarmanFacility Tunnel B is

a closed-circuit, continuous-flow, hypersonic wind tunnel with a 50-inch

diameter test section. Twoaxisymmetric contoured nozzles provide Mach

numbersof 6 or 8, while the tunnel is operated continuously at a selected

pressure level from 20 to 300 psia at M_ = 6, or 50 to 900 psia at M_ = 8,

with air supplied by the VKFmain compressor plant. Stagnation tempera -

tures sufficient to avoid air liquefaction in the test section (up to

1350°R) are obtained through the use of a natural gas fired combustion

heater. The entire tunnel (throat, nozzle, test section, and diffuser)

is cooled by integral, external water jackets. The tunnel is equipped

with a model injection system, which allows removal of the model from the

test section while the tunnel remains in operation. A detailed description

of the tunnel maybe found in Reference 3.

ii



TESTPROCEDURE

Prior to each test run, the output of the thermocouples to be recorded

was monitored to ascertain that the model temperature was approxi_Q_ely
, .[

80°F and all were within ±5°F. The model was then injected at the

desired test attitude, taking about 2 seconds to reach the tunnel centerline.

The model remained at this position for about 3 seconds and then was re-

tracted, after which it was cooled again and prepared for a subsequent

injection. In order to record the output of all 255 TC's, the model was

tested at the same attitude three times consecutively - once for each

switch position.

12



DATAREDUCTION

The reduction of thin-skin thermocouple data nom_ally involves only

the calorimetric heat balance, which, in coefficient form is

h = wbc dTw/dt

o P T - T (I)
o w

Radiation and conduction loses_'_reneglected in this heat balance,

and data reduction simply required evaluation of dTw/dt from the temperature-

time data and determination of model material properties. For the present

tests, radiation effects were negligible; however, conduction effects were

potentially significant in several regions of the model. To permit identi-

fication of these regions and improve evaluation of the data, the following

procedure was used. •

Separation of variables and integration of Eq. (I), assuming constant

w, b, Cp, and To, yields

T -T

h o w io (z)
wbc (t - tiJ = _n T - T

p o w

Since ho/Wbc p is a constant, plotting _n[(T ° - Twi)/(To-Tw)] versus

time will give a straight llne if conduction is negligible. Thus, devi-

ations from a straight llne can be interpreted as conduction effects.

13



DATAREDUCTION(Continued)

The data were evaluated in this manner, and generally a reasonable

linear portion of the curve could be found for all the#mocouples. A

linear least-squares curve fit of £n[T ° - Twi)/(T ° - Tw)] versus time

was applied to the data beginning at the time %4hen the model reached

tunnel centerline and extending for a time span which was a function of

the heating rate, as shown below:

Range Number of Points

dT /dt > 32 5
%4

16 < dT /dt < 32 7
%4

8 < dT /dr _< 16 9
W

4 < dT /dr < 8 13
W

2 < dT /dr 5- 4 17
W

I < dT /dr < 2 25
W

dT /dr _< I 41
%4

'In general, the time spans.given above were adequate to keep the

evaluation of the right-hand side of Eq. (2) %4ithin the linear region.

Strictly speaking, the value of c
P

following relation

wasnot constant, as assumed, and the

Cp = 0.0797 + (5.556 x I0-5) Tw, (17-4 PH stainless steel)

was used with the computed value of T at the mid-point of the curve fit.
w

The maximum variation of c over any curve fit was less than 1.5 percent.
P

Thus, the assumption of constant c was reasonable. The value of density
P

used for the 17-4 PH stainless steel skin was w = 490.0 ibm/ft 3 and the

skin thickness (b) for each thermocouple is listed in Table IV.

(3)

14



DATAREDUCTION(Concluded)

In addition to computing heat transfer coeff_clents using TO as

the reference temperature, coefficients were computedusing 0.9T° and a

T
aw

as the reference temperature, viz,

h(0.9_o) = h (To-_w)
o (o.9_o _ _)

(4)

and

where T

where

(T - T )

h(Taw) = h° o w (5)

(Taw - Tw)

was computed by the equation
aw

T = T [0.867 + 0.133(sin(a + £))1.55]
aw o

(6)

was the model angle of attack and C was the local model surface deflection

angle at the thermocouple. The h(Taw) calculation was done only for TC's

273 thru 295 withthe c values for these TC's _resented in the follow-

lug table"

TC___ _ TC__C C, deg

273 75.0 284 20.0

274 68.5 285 18.5

275 54.5 286 16.5

276 42.0 287 14.5

277 38.5 288 7.0

278 34.5 289 4.0

279 30.0 290 2.5

280 28.0 291 .0

281 26.0 292

282 24.5 293

283 22.0 294

295
15
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TEST : o_103A

TABLE I

TEST CONDI TIONS

: 2/20/78

MACHNUMBER

7.88

7.93

7.97

-- ' 4

REYNOLDS NUMBER DYNAMIC PRESSURE STAGNATION TEMPERATURE I
(petumt length) (pounds/sq.inch) (degreesFahrenheit)

1.08 x 106 0.42

1.83 x 106

719.4

3.46 x 106

0.79 767.4

.... ,, ,,,

1.58 818.4

I, ,, - , -,

BALANCE UTILIZED:

NF

SF

AF

PM

RM

YM

N/A

CAPACITY ACCURACY:
COEFFICIENT
TOLERANCE;

COMMENTS;

17



li
! i

I



I,{ODEL COMPONENT :

GENERAL DESCRIPTION :.

NOTE:

TABLE IiI

MODEL DIMENSIONAL DATA

BODY - B&0

50% orbiter forebod),, vehicle ]40C.

This body includes a small portion of the wing glove.

w

MODEL SCALE: 0, 040

DRAWING NUMBER" VLT0-000]40C

DIMENSIONS '

Length

Max Width

Max Depth

Fineness Ratio

Aloe

Max. Cross-Sectional

"Plonform

Wetted

BQsa

FULL SCALE MODEL SCALE

Z5.80

13. Z0

19



TABLE III (Concluded)

MODEL Dli_ENSIONAL DATA

WODEL COMPONENT .. CANOPY., Clo
=1

GENERAL DESCRIPTION : Configuration 4 canopy and windshield as used

with B_,-, six glass panes in windshield.

| i, . . ..

MODEL SCALE: 0. 040

DRAWING NUMBER" VLT0-000140B, 140C, 202B

DIMENSIONS:

Length (Xo

Max Width

Max Depth (Glass,

Fineness Ratio

Area

FULL SCALE

:434.643 to 670), In. Z35.357

Max. Crass-Sectional

Plan form

MODEL SCALE

9.414

In. Z8. O0 1. IZ

,i J

Wetted

Base ..

Nose/windshield intersection, X =
o

434. 643

|

17386

20
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TABLE V. THE!_MOCOUPLE H00K-UP KEY

16

17
l,

16

19

20

2_

22

23

cha.%'_l T /C sk'_r.
number thzck-

._ess

"_- Z73 .oz_

2 _ZT_ZTZ

3 Z75,0Z77

4 27G _ZSD

5 ?-77 .oz79

6 Z76 DZ_3

7 z79.0ZBZ

8 7__6o_z/o

9 7-.,6/ .o/9o

_o ZSz .oz3o

12 z_4 .o2Bo 45

73 Z85 .c_30 4a

14 zr::,_,.0240 47

15 ZEal .OZ3O ,_s

,f,6kS-e_c,walN _ 49

269 .o3co so

8.9o ,oz&o! 5

Zgl _z.73'
Z gZ _.ozz5

Zgs

24

25

26

27

28

29

Test No: C:_-/O, SA

Constan% Set: /

H&teri&l: Chrom/Const

Swltch Positlon: /

c_I.-_c! skin
r-_=be_ T / C thick-

_eSS

_4 '-_'// _z_

as 4Zb .ozc_

36 ¢z7.o 
37 4z_ .oz37

38 ,,_XZ9lozs9

43/.oze 

42 4-3¢ .cz9_

,_ .,¢3s ._93;
44 4tB6 .oz9_i

_.t7' .OZ__o

d¢l Loz4o

44-4-.°:70
_2 ,4.45" ._'Z¢:_.

,,.

54 ...... 44-7 L.oz_s

30

i 66

Z'c)4 _z76 s5

Z9S _oz9z s6

50/l.ozz_, _7

._oz !.oz/o ss
<_.3 ,OZ-_'O 59

.oz o 60
,5"05= -_Z?O 61

,._o7 .0ZlO 63

3) S_ .c4qo ! _4

n i_/o .ozs _

44.6 .oZzE

.oz_

4-e,z.,/_
_5.Z ._¢

45_

4s7 z;zzz.

_C _ !.cZLO

_z_zTo

35

89

90

91

92

93

94

95

'" " 96

97

channeZ skin

number T/C %hick-

hess

69 4_-OZ_9

70 i_ 6 _ZZC

7 ' I_ Z "0_ s

72 _,_ .02.5o

73 _ _ZLL_)

7_ 47o ._zso
_s 47/ .cz_

77 ' d--Z_ :,oz 75

7s _ 74L .cZ 3o

</7s.o 4
_o 4Z7z .cz.4o i

/,14,
/_7 .oscv

85
l

sa M9-o3;z

87 /50 .03t9

8s /51 03/3

/52_ o3cz

/_ .ozzz

/,g.5".02So

/_% -0z77

157 .oz7_

159 ozso

/&o _ozs5
.....m

i .................



chan_ell skin

number T/C thlcK-
hess

I S_7 .0_5 34

2 3C,8 .oz_ 3s

3 -_2_9.0Z_Z 36

4 J_ 70 ..DZT_ 37

6 ._TZ .,6-_, 39

7 ,5 7_ .OZ93j ' '0

8 .574.-aZg-3i 41

9 _75.o3_ 42
1o 3H_ .ozg_j 43
,, ',s-;7 !.ezee! 44

378
is 37q .oz7_ 46

_4 3_0 _oz:T_I 47

is 6_/.ozgd 4s

16 ._ 2-... OZg,.,K 49

18 3,54: .o..B,,zJ sl

,9 s_i.o,_bJ n

20 5_6 .oZ6_] s3

21 s_,7 ,£,z-7_' 54

22 :_8_,;-oz_31 ss
23 389 :o3zsl s6

TABLE V. (Continued)

Test. No: 0_/- IO,-=,A

Constsnt .<et:

H&%e_al: Chrom/Cons%

Switch Position: _-

char.__l skin

,"._zberT / C thick-
r.ess

I

•_'o .o_cz4
4-c/ .oZg_

W-_:5 ._ ZZZ

zO_ .z}z9z.

Z9 7.0Z68

Z 9_ .oz7oI
i

zg9 r.ozTe
5_> .oZSZ

._c'/ .oZSo

Sc )_ .DzEo

5_7 _z4_

•_;6 .oz9c

t 3c._:) .oZ98

I.c, ZSO _

.OZ'_

_o2?9

32 rB9 _ e._/_ I

33" B99.oz991 66

26 IBg_ _._ s9

27 1_9:7, o_) 60

28 3eJ4..OS 74, 61

29 _ 9 3-- I._.,']3S" 62

30 :394, _35Z 63

3_ 397 , 05_2_. 64

65

/Z.

3zd

5z4-

3/s

B /& .oz,_

3,,7 .o3w

5 Z3, OZS'9
I

char_l skin

number T / C thick-

_.ess

"|

69 r329 l.o.._c_
70 3.3o I.OZ._Z,

72 13_ 2. . oZ?'6
73 13_13.0Z7._

74 334 .oz._

75 .._5- - 02-_9'

76 8E_ Z_Z_Z

7a ,3.._-_ .

so iSW-/ .oz_

8_ _S/ozz/
i

_3 ) 3£Z .oz69

I,,

c>,_,_ g.cJ,.V',_/z,V_

85

86

87

88

89

90

91

92

93

94

95

96

97

3.S'_ .DZ&5

1=Ts'61-ozz_'

I

r,

36



TABLE V. (Concluded)

ct'_,_:w_l! skin
I

numb_'j T/ C t_zek-• hess

2 8sa lo._
3 85z iO.#zl
4 E_s-I g.oz@

5 _50 O,O;&

e_ & 71 _._

Test No: Od- ID:_A
Consta_ Set:

Ma_erial: Chrom/Const

Switch Position: ._

char.-___l skin
.--Jmber T / C t,hic_-

ness

7 /7/ _,OLfO

_o /_4 _.oz_s

__ 17_ _._

_ _7_ o.o_

c _x_ae" sk n
'_/cnumoer thick-

ness

_z '_i_lO.o_xo

7o. g44- _.ozc
71 N4._" O.Z),,_Z

72

73
W=

7_

75

76 i

77 i

7B j

79 '

8o i

8_ ! "'
82 i

83

85

B6

87

88

89

90 _

91 1

92 1
.-[

.94

95
,,,, ,,, ,

I 96

i 97
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Figure 1. 83-0 Axis System and General Arrangemeuts
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c. Upper and Lower Fusel_ge

Figure. _. (.ConCi_ed)

279281 (X/L-O •025)

i 287 (I/L'O. 05)

,o

,_ 'F 290(x/L'0.2)

Cen_ e rline
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e. RCS Nozzles-Top Fuselage

Figure 4. (Concluded)
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Appendix

Tabulated Source Data

Datasets

R4HA$$

R4RB$$

R4_c$$
R4RD$$
R4HE$$

R4HF$$

R4HS$$

R4BI{$$

R4HI$$

R4HJ$$

Component

Orbiter fuselage, longitudinal distribution

Orbiter fuselage, cross sectional distribution

Top fuselage centerline, forward firing nozzle

Top fuselage centerline, top firing nozzle

Top left, forward firing nozzle

Top left, upward firing nozzle

Fuselage side, forward nozzle, downward firing

Fuselage side, aft nozzle, downward firing

Fuselage side, lower nozzle, side firing

Fuselage side, upper nozzle, side firing

I- 96

97-146

147-173

174-200

201-227

228-252

253-279

280-306

307-333

334-360

46
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